When long-term bone marrow cultures are treated with Amphocombined with IL-1 alpha or IL-6 sustained haemopoiesis for tericin B (AB) their haemopoietic stem cells (HSC) cease grow-8 weeks. Verfaille, 5 with 'stroma non-contact' cultures (the ing. This is not a toxic effect of the drug because once that is stroma was separated from haemopoietic cells less than a mil- 
Introduction high or pH low and closed when the opposite conditions occur. A single gap junction channel is called a connexon Normally blood cells form only in those parts of the body, and is formed by two hemi-connexons, one in each cell wall. especially bone marrow, where specialised cells called
The channels group into plaques and these are the functional haemopoietic stromal cells are found. Grafting these cells into gap junctions. Each hemi-connexon is formed by six identical, non-medullary tissues such as the kidney enables such tissues membrane-spanning proteins called connexins. Thirteen conto form blood. 1 We have been able to understand many nexin species have been described and named for their molaspects of lifelong blood formation supported by stromal cells ecular weights in thousands, abbreviated as Cx43, etc. 15 Cerusing long-term bone marrow cultures. 2 tain kinds of stromal cell in haemopoietic tissue are coupled It was thought that long-term cultures required an underlyby Cx43 gap junctions, but we do not know yet if that is the ing monolayer of adherent bone marrow stromal cells to form only connexin species that can form haemopoietic junctions. blood cells for a long time. Bentley 3 indicated that stroma and There are functional gap junctions in long-term cultures stem cells need only be close for the maintenance of spleen between stromal and haemopoietic cells. 12 To investigate a colony-forming units and Brandt and colleagues 4 found that possible role of gap junctions in the regulation of haemopothe underlay could be replaced by adding recombinant iesis we studied the numerical alterations in clone formation interleukins IL-1 alpha, IL-3, IL-6, or granulocyte-macrophage and progenitor cell generation in stroma-supported long-term colony-stimulating factor (GM-CSF) at 2-day intervals. IL-3 cultures 2, [16] [17] [18] in the presence of lipophilic substances which block GJIC. Absolute numbers of haemopoietic clones were estimated using the cobblestone area forming cell (CAFC) CAFC assay developmentally early CAFC with long-term repoand diluted to 1-5 M in PBSB, sonicated again and used within 4 h of preparation. pulating ability can be distinguished from progenitors which only repopulate briefly because the latter form clones soon after seeding on stroma whereas the former do so last and form relatively long-lived clones. 17, 18 Assays for colony-forming cells in culture (CFU-c), CAFC (CAFC), and stroma-supported long-term cultures in flasks (LTC)
Materials and methods

Stromal cell lines:
Except H-1 whose derivation is described, 21 and primary stromal cultures, these were derived Micro-injection technique to assess gap junction by explanting livers from day 18 foetuses or femora of newcoupling born C57BI mice of both sexes. Once growth was established the clones used in Table 1 were plated at limiting dilutions Gap junction coupling in stromal cell lines was measured by and selected on the basis of their showing steady, nontransformicro-injecting lucifer yellow, MW 457, 12, 19 and counting the med growth and possessing the morphology of large polynumber of cells to which it spread. Stromal cells were cultured gonal pre-adipocytic cells with large nuclei. on gelatine-coated glass coverslips (0.2% gelatine G-1890; Sigma, St Louis, MO, USA). The cultures were examined under phase and cells for injection chosen only on the basis CFU-C: These were cultured at 10 4 cells/dish in a semithat they were surrounded on all sides by a cell layer at least solid (0.8% methylcellulose; Methocel AP4 premium; Dow two cells deep. The micro-electrode was placed over the Chemical, Rotterdam, The Netherlands) culture medium nucleus of the cell of interest (the cytoplasm of stromal cells (IMDM with Glutamax-1; Gibco, Paisley, UK, cat. no. 31980-is very fine) and dye was allowed to pass for 60 s. The micro-022, Breda, The Netherlands) in a fully humidified incubator electrode was moved away and the number of cells surroundat 37°C and 5% CO 2 . The cultures contained 10% pokeweed ing the injected cell counted. Five minutes after dye was intromitogen-stimulated mouse spleen-CM (PWM-MSCM), 20% duced the number of dye-laden cells immediately adjacent to horse serum (HS) and 1% bovine serum albumin. Colonies the loaded cell was counted, as well as the number of second (у50 cells) and clusters (8-49 cells) were counted on day 7 order cells beyond these into which dye had spread. The numand 14 of culture with an inverted microscope. ber of immediately adjacent fluorescent cells was expressed as the percentage of surrounding cells as well as the number of second layer cells to which dye had spread. After dye-CAFC: Assays of CAFC and flask long-term cultures were transfer, coverslips were fixed with formaldehyde/picric acid performed as described previously. 16, 17 Stromal layers were fixative and acetone and immuno-stained with the HJ antiprepared using the FBMD-1 stromal cell line. 22, 23 Flat-botCx43 antibody. 13 Cx43 was detected immunohistologically in tomed microtiter plates (Falcon, Lincoln Park, NJ, USA) were all stromal cell lines examined. inoculated with 10 3 FBMD-1 cells per well from log-phase cultures or with 10 5 cells into 25 cm 2 culture flasks (Costar, Badhoevedorp, The Netherlands) for the LTC assay. Culture Electrophysiology plastics destined for establishment of FBMD-1 stromal feeders were incubated at 4°C overnight with 0.2% porcine gelatin (Sigma) in Milli-Q water to improve adherence of the stromal FBMD-1 cells (see below) were cultured on gelatine-coated coverslips in Petri dishes to obtain cells in pairs. Double layer for 2-3 months in the presence of actively proliferating haemopoietic cells. The FBMD-1 cells were cultured at 33°C whole cell recordings 20 were performed on cell pairs using integrating patch clamp amplifiers (Axopatch 200B; Axon and 10% CO 2 in glutamax-1 containing IMDM supplemented with ␤-mercapto-ethanol (10 4 M), penicillin (100 U/ml), strepInstruments, Foster City, CA, USA). When a whole cell configuration was achieved on both cells of a pair, rectangular tomycin (0.1 mg/ml), 10% of a selected batch of FCS, 5% of a selected batch of horse serum and hydrocortisone 21-hemivoltage pulses of ±20 mV at 0.02-0.1 Hz were applied on one of the two cells using TG210 2 MHz function generator succinate (10 −5 M final concentration; Sigma). After 7-10 days of incubation at 33°C and 10% CO 2 the stromal layers (Thurlby and Thandar Instruments, UK), and the whole cell currents were recorded on a Rikadenki chart recorder became confluent and were used within the following 2 weeks. Normal bone marrow cells were overlaid on these (Rikadenki, Tokyo, Japan).
Patch pipettes were made of Clarke glass capillaries (Clarke, stromal layers in 12 halving dilutions in 15 wells per dilution to allow limiting dilution analysis of the precursor cells for-UK; GS 150-15) with a Narashige pipette puller (Narashige, UK, P-83). The filling solution contained KCl 130 mM, Na ming haemopoietic clones under the stromal layers in these cultures. Cultures were fed weekly by changing half the HEPES 10 mM, EGTA 5 mM, MgCl 2 2 mM, in double-distilled water at pH 7.0. medium. Between 7 and 42 days after overlay all wells were inspected at weekly intervals and scored positive if at least Cells were bathed in phosphate-buffered saline with 2 mM Ca 2+ and 1 mM Mg 2+ (PBSB) for experiment. Amphotericin B one phase-dark haematopoietic clone (cobblestone area, containing five to more than 10 5 cells) was seen. The frequency (AB, see below) was applied by perfusion with a passive inflow to minimise turbulence and active suction (LKB Varioof cobblestone area-forming cells was then calculated using the maximum likelihood solution. perpex pump Bromma, Sweden, 12 000) at a flow rate of 2-4 ml/min. AB solutions were freshly prepared each week at 5 mM in dry DMSO (see below). Stock was sonicated in a Special Flask LTC: Flask cultures were done in parallel with CAFC cultures using three to five flasks per group. The flasks were Ultrasonic Cleaner, G11SP1, designed to form liposomes (Laboratory Supplies Inc, Hicksville, NY, USA), stored at 4°C fed weekly with a half medium change and the number of Gap junction-mediated coupling was assessed by lucifer yellow micro-injection into recently confluent stromal cell lines. Ten to 50 cells were micro-injected per assay. CAFC support was determined by overlaying normal bone marrow cells on layers of each stromal cell line as described above.
nucleated cells and CFU-c contained in the non-adherent 0.2 mM of each dNTP (Pharmacia, UK) and 1 unit of Taq polymerase (Promega, UK). In addition, 50 pmol of the following fraction was assessed weekly in semi-solid culture stimulated with 10% PWM-MSCM. At the end of the culture the adherent sense-and anti-sense primers were added: HPRT, 5′-GTA ATG ATC AGT CAA CGG GGG AC and 3′-CCA GCA AGC layer was also determined for CFU-c content by removing all culture medium from the flasks and detaching the adherent TTG CAA CCT TAA CCA, product size 179 bp; G-CSF, 5′-GCA CTA TGG GGA CGA GAG G, 3′-GCA ACA TCC AGC layers with 0.05 ml of 0.5% trypsin for 1 to 3 min at room temperature. Digestion was stopped with 0.1 ml ice-cold foe-TGA AGC AAG TCC, product size 374 bp; GM-CSF, 5′-ACG AGT TCT CCT TCA AG, 3′-AGC TGA GCT AGC GTT TTC tal calf serum. The cells were pooled and single-cell suspensions made by repeated passage through a 23-gauge needle.
AG, product size 412 bp; M-CSF, 5′-ATG GAA AGT TCG GAC ACA GG, 3′-AGC CAC ATG ATT GGG AAT GG, product size 300 bp; SCF, 5′-CTG CTC CTA TTT AAT CCT CT, 3′-CCA TTG ATG CCT TCA AGG AC, product size 669 bp; 'Contact' and 'non-contact' cultures:
These were performed in six-well Costar plates coated with (bovine placental) IL-6, 5′-AAG TTC CTC TCT GCA AGA GAC TTC, 3′-GAA TTG GAT GGT CTT GGT CCT TAG, product size 700 bp; IL-11, collagens types I and III (Costar). 'Non-contact' wells contained Transwell inserts, effective pore size 0.4 M (Costar; 5′-GTG TGC TGC CAA GGC TTC GA, 3′-TCC TAG GAT GGC ATG AGC TG, product size 244 bp; TGF-␤ 1 , 5′-GAC GTC cat. no. 3491). FBMD-1 cells were grown in 6 ml of standard medium per well. Normal bone marrow cells (7.14 × 10 5 /well AAA AGA CAG CCA CT, 3′-GAA GCC ATC CGT GGC CAG AT, product size 461; Cx43, 5′-GTC CCG GCT TCA CTT TCA were seeded and the wells were harvested after 7 days culture. CFU-c in supernatant medium were cultured as described.
TTA AGT G, 3′-CTG CTT CAG GTG CAT CTC CAG GTT G, product size 428 bp. After 20, 25, 30, 35, 40 and 45 cycles, 10 l of the PCR product was removed from the reaction tube, samples were submitted to electrophoresis in a 2% agarose Amphotericin B gel and differences between control and AB-treated stromal cells were determined by comparing the number of cycles AB (Sigma A2411) was dissolved in dry (molecular sieves; Sigma M2635) dimethyl sulphoxide (DMSO; Sigma D5879) at required to achieve comparable electrophoretic density. The level of cellular mRNA expression was monitored by using 5 mM. It was stored in oxygen-free nitrogen at 4°C and thawed for use at different doses. The amount of DMSO in the control primers for HPRT as a housekeeping gene. We have measured in a semi-quantitative way the ability of was equivalent to that in the cultures containing AB. AB binds to proteins and fats in culture media. Its concentration was the cell lines listed in Table 1 to form cytokines and their mRNA; M-CSF, GM-CSF, G-CSF, TGF-␤1, IL-6, IL-11, SCF, measured spectrophotometrically at 405 nM. It is also inactivated in air. In our culture conditions about 60% of it is lost TNF-␣ (not produced), IFN-␥ (not produced) and MIP-1␣ (not produced). We have not observed any differences that would in a week. We compensated for this by removing medium and replenishing AB half-weekly. We also removed and replencorrelate with the capacity of these cells to support the growth of day-28 CAFC. ished the DMSO or medium controls then.
RT-PCR
Results
The ability to support developmentally early CAFC After spinning down the cells RNA was isolated from the stromal cells by the RNAzol B (Cinna-Biotec Laboratories, Housand coupling between stromal cells correlate ton, TX, USA) method. 24 cDNA synthesis 25 was performed starting with 1 g RNA, after heating for 10 min at 65°C. RanAlthough several stromal cell lines have the ability to support short-term blood formation they differ in their ability to supdom hexamer primers were used to ensure all RNA was represented equally in the cDNA pool. 26 Semi-quantitative PCR port long-term blood formation by developmentally early CAFC, the cells which form delayed and more permanent was performed using a 100 l mixture containing 1/20 of the cDNA products in 50 l TAq polymerase buffer (100 mM Trisclones. We used two indices of functional coupling, the proportion of cells adjacent to an injected cell which are dyeHCl, 500 mM KCl, 15 mM MgCl 2 and 1% gelatin; pH 8.3), coupled (% first layer coupled) and the proportion coupled in AB has no effect on colony formation the second layer (% second layer coupled), which is an indication of more extensive coupling. Stromal cell lines which
We added AB to semi-solid clonal cultures of normal and selected bone marrow cells to find out if that affects the formaare well-coupled by gap junctions support clone formation by primitive stem cells better than lines which are poorly tion of colonies by CFU-c. The addition of 2-5 M AB does not affect colony formation by normal marrow cells nor does coupled (Table 1) .
its vehicle (Figure 2) . However, we observe that the lower the concentration of serum the more toxic is the addition of AB.
In flasks. The highest concentration suppresses cobblestone area about 1 kDa which have been described as gap junction clone formation to 24% of controls after a week, then clone blockers. 27 Many do not block junctions in our cultures which formation almost stops ( Figure 3a ). Lesser doses of AB have need a high concentration of fats and proteins. Lipophilic subeither no significant inhibitory effect on clone formation or stances bind avidly to these, especially those in added serum.
are somewhat stimulatory. Blockers too, may be oxidised and break down during proAfter the first week 5 M AB almost completely stops nonlonged cultures. For these reasons it is important to titrate their adherent cell and progenitor generation by cobblestone ability to block carefully and replace them as they break clones in flasks (Figure 3b and c) . A 10-fold lower AB concendown. Of those tested AB was most convenient. At 5 M in tration inhibits the production of nucleated cells for 4 weeks complete culture medium it blocks functional gap junctions, and inhibits CFU-c production moderately during the second tested by lucifer yellow dye transfer, 19 between FBMD-1 stroand third weeks. CFU-c formation by all subsets (Figure 4a ). When AB is of that and their non-junctional conductance increases tworemoved after 1 or 2 weeks stem cells form about twice as to five-fold. When AB is washed out with PBS, junctional conmany CFU-c and nucleated cells as controls (Figure 4a ). ductance starts to return to normal levels immediately and Figure 4b , showing the number of CFU-c in the adherent layer within less than 10 min non-junctional conductance is within after 6 weeks, illustrates two things: that it is unlikely that AB the normal range (Figure 1) .
suppresses the release of CFU-c, since the number of adherent AB does not reduce the production of mRNA for known haemopoietic growth factors
We compared control and AB-treated FBMD-1 cells with respect to the amount of mRNA they formed for G-CSF, M-CSF, GM-CSF, SF, IL-6, IL-11, TGF-␤1, MIP-1␣, IFN-␥, TNF␣ and HPRT (a house-keeping gene) by semiquantitative RT-PCR and found no great differences (data not shown). MIP-1␣, IFN-␥ and TNF-␣ are not expressed in the FBMD-1 cells. However, in three of five experiments we found that stromal cells exposed to AB formed two to three times more GM-CSF and Cx43 transcripts than controls (equivalent to a four-to eightfold increase of product).
The effect of AB on haemopoietic growth in stromal/haemopoietic 'non-contact' cultures AB does not stop haemopoietic cells in 'non-contact' cultures growing but does in 'contact' cultures ( Figure 6 ).
Discussion
Seeking to block haemopoietic gap junctional coupling by gap junctions we added AB to long-term stromal/ haemopoietic 'contact' cultures. While AB is present it blocks the formation of haemopoietic clones but this is not a toxic more CFU-GM than control CM ( Figure 5 ). (3) Stem cells in cultures transiently blocked by AB form more CFU-c than controls once the drug is removed (Figure 4a) , and, given time, they form as many or more haemopoietic cells than their controls overall (Figure 4b ). (4) In stromal/stem cell 'non-contact' cultures AB has no effect on the formation of haemopoietic CFU-c detected in the stromal layers after the sixth week reflects the number released during that week (Figure 4a ), but clones ( Figure 6 ). In addition FBMD-1 stromal layers treated with AB form normal amounts of message for growth factors that, as discussed later, we also have to consider the role of adhesive interactions between the stroma and progenitors to except for GM-CSF and Cx43 for which they form about eightfold the normal amount. understand the regulation of blood formation. We also calculated the cumulative number of nucleated cells that HSC forNecas and colleagues 28 pointed out that at any time the mouse has between 4000-37 000-fold more day-8 spleen colmed and compared how many HSC formed in transiently treated flasks with how many controls formed. Given sufony-forming cells than it requires for day-to-day blood formation. At a conservative estimate each day-8 stem cell is capficient time stem cells in transiently treated flasks formed as many or more nucleated cells as controls which had never able of forming a million blood cells, so the mouse has a haemopoietic overcapacity of the order of 10 9 to 10 10 -fold. been exposed to AB, this is notably the case with the more primitive stem cells in WGA +++ and WGA + (Figure 4c) . We used to emphasise the blood-forming capacity of bone AB does not cause the stroma to form inhibitors. CFU-
Figure 6
Effects of AB on stromal/haemopoietic 'contact' and GM were cultured with PWM-CM (10% of final), or that medium to 'non-contact' cultures. These are normalised CFU-c counts of CFU-c which AB had been added, or PWM-CM supplemented with control formed by 'contact' and 'non-contact' long-term cultures grown for 7 FBMD-1-CM (50% of final), or that medium to which AB had been days with or without 5 M AB. added or medium conditioned by FBMD-1 cells growing in the presence of AB.
When stroma and stem cells are in contact and AB is present stem cells will not grow, but when the two types of marrow. Latterly we realised that restraining blood formation is likely to be as important. Necas invoked apoptosis to cells are separated AB does not inhibit the proliferation of stem cells. Removing AB from 'contact' cultures reverses strorestrain the formation of too many blood cells but there is little evidence for haemopoietic apoptosis on this scale though it mal inhibition of stem cell growth. This is how we propose these findings fit into what we know about the way the stroma should be sought experimentally. Local stromal inhibition, however, would achieve the same end and use less energy.
works. The stroma forms soluble as well as local signals which control the cell cycle of HSC. Soluble signals can either be row and in long-term cultures are the unproven candidate channels. positive (eg cytokines) or negative (eg TGF-␤1 and MIP-1␣). Local regulation is disturbed in the presence of AB so that the We have several reasons for this conclusion. Apart from our findings here, we have found hexameric gap junctional plaeffect of negative signals predominates and even overcomes the effects of the soluble positive signals. Despite the presence ques on the processes of cultured human haemopoietic stromal cells by freeze-fracture electron microscopy, 12 there is of AB, many stem cells survive for 2-3 weeks and when the drug is removed the positive signals predominate and abundye-transfer between stromal and haemopoietic cells in ex vivo mouse marrow, 12 we have detected Cx43 protein in anidant haemopoiesis occurs. Our interpretation of these findings is that local regulation is disturbed in the presence of AB, local mal and human marrow between the stroma and blood-forming cells, 12, 13 in human marrow we find them immunohistolinhibitory signals predominate and even overcome the effects of the soluble stimulatory signals. Despite the presence of AB ogically between the stroma and CD34 + cells (Krenács and Rosendaal, in preparation). In mouse marrow the expression many stem cells survive for 2-3 weeks and, when the drug is removed, the stimulatory signals predominate and abundant of the Cx43 gap junction protein increases 100-fold during the early stages of haemopoietic regeneration. 13 mRNA for haemopoiesis occurs. There are two ways local inhibition might be altered and enhanced by the addition of AB. Cell Cx43 is copious in the marrow of young rats (Rosendaal and Krenács, in preparation). However, if they are the channels, adhesion molecules (CAM) or the extracellular matrix (ECM) might be altered by AB. There are two arguments against this.
we are a long way from establishing this role for them. They have not yet been shown to couple stem and stromal cells, We know of no mechanism by which AB could affect adhesion and there are no suggestions in the literature that nor have they been shown to be necessary for disinhibition, and it is unclear at present how they might act. These are that occurs. Experimentally the comparison of the number of CFU-c trapped in the adherent stromal layer after 6 weeks questions we are trying to answer. culture ( Figure 4b ) does not differ qualitatively from the number of CFU-c detected after 6 weeks ( Figure 4a ). However, as noted above, after AB there are about two times more CFU-c Acknowledgements than in controls. Adhesion is likely to be important for gap junction formation too. We do not know why they form, but This work was supported by the Wellcome Trust and the in lymph nodes after immunisation, where Cx43 gap junctions Dutch Platform on Alternatives for Animal Experimentation; form between follicular dendritic cells and B lymphocytes, 29, 30 we would like to thank them. MR would also like to thank JR, there is cell adhesion by desmogleins and desmoplakin. It PR and IBP; RP would like to thank Mischa Thiele for PCR on seems important there, and probably the same holds for blood IL-11 mRNA. formation. The other possibility is due to the effect of AB on gap junctions. These are closed by AB, which could affect the ability of stem cells to overcome local stromal inhibition. We References propose that the local regulatory system includes transmembrane channels formed between stromal cells and possibly 
